Improvements in the thermoelectric properties of Half-Heusler materials have been achieved by means of a micrometer-scale phase separation that increases the phonon scattering and reduces the lattice thermal conductivity. A detailed study of the p-type Half-Heusler compounds Ti 1−x Hf x CoSb 0.85 Sn 0.15 using high-resolution synchrotron powder X-ray diffraction and element mapping electron microscopy evidences the outstanding thermoelectric properties of this system. 
I. INTRODUCTION
Intermetallic Half-Heusler compounds with the structural formula XY Z and with the cubic structure F 43m have recently gained attention as promising materials for moderatetemperature thermoelectric (TE) applications such as industrial and automotive waste heat recovery. 1 An industrial upscaling of the synthesis of both p-type and n-type materials has been realized, and such thermoelectric modules have been tested for their long-term stability and reproducibility. 2 However, their performance still needs to be improved by adoption of the optimal material composition to reach the cost efficiency of industrial applications.
The efficiency of TE materials is characterized by its figure of merit ZT = S 2 σT /κ, where S denotes the Seebeck coefficient, σ the electrical conductivity, T the absolute Temperature and κ the thermal conductivity, which is composed of the lattice component κ lat and the electronic component κ el . Since the Seebeck coefficient S, the electrical conductivity σ and the electronic thermal conductivity κ el are interrelated through the carrier concentration n, these parameters cannot be manipulated separately. High power factors S 2 σ are generally achieved in heavily doped semiconductors with n in the range from 10 19 cm −3 to 10 21 cm
depending on the material system.
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A great advantage of Half-Heusler compounds is the possibility to substitute each of the three occupied fcc sublattices individually. For example, it is possible to tune the number of charge carriers by substitution of the Z-position element by another main-group element and simultaneously introduce disorder by substitution on the X-and Y -position elements resulting in mass fluctuations, which can decrease the thermal conductivity κ. 4 In general,
Half-Heusler compounds exhibit high power factors in the range of 2-6×10
Thus, the main obstacle to further improving their TE performance is their relatively high thermal conductivity. Recently, the concept of an intrinsic phase separation has become a focus of research. In particular, the n-type (Ti/Zr/Hf)NiSn system has been investigated in this regard [7] [8] [9] [10] [11] [12] leading to several patent applications. [13] [14] [15] [16] Very recently the stability of the submicrostructuring and thermoelectric properties under thermal cycling conditions was prooved.
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In contrast, state-of-the-art p-type Half-Heusler materials rely on a nanostructuring approach involving ball milling followed by a rapid consolidation method which is a very time and energy consuming synthesis route. 
II. RESULTS AND DISCUSSION

A. Microstructure investigations
The investigations of the samples by X-ray powder diffraction (XPD), scanning electron microscopy (SEM), and energy-dispersive X-ray (EDX) spectroscopy revealed that samples containing Ti and Hf undergo an intrinsic phase separation into two Half-Heusler phases.
The composition of the matrix (phase I) and the second Half-Heusler phase (phase II) as determined by EDX spectroscopy are indicated in Table I .
In general, we note that the matrix is rich in Hf and Sb whereas the second phase is rich in Ti and Sn when compared with the nominal composition. Moreover, this second phase has a slight excess of Co. We assume that the Co atoms occupy the vacant tetrahedral holes in the structure that is similar to the Heusler compound Co 2 TiSn (L2 1 structure). As an initial assumption, we used the composition of the Half-Heusler phases determined by EDX spectroscopy (see Table I ) and refined the lattice parameters. Subsequently, more phases with the C1 b structure were added to model the shape of the (220) reflection correctly.
B. Thermoelectric properties
The diffusivity and thermal conductivity plots of the investigated compounds are displayed in Figure 4 . These values are highest for single-phase samples with x = 0 and x = 1.
The diffusivity and thermal conductivity are effectively suppressed by the intrinsic phase separation. This suppression is independent of the exact composition by our combined approach of phase separation and carrier concentration adjustment.
III. CONCLUSIONS
Two concepts were successfully applied to improve the thermoelectric properties of the Half-Heusler is soon expected to be realized.
IV. EXPERIMENTAL DETAILS
Ingots of ca. 15 g were prepared by arc melting of the stoichiometric amounts of the elements. For homogenization, each sample was crushed and remelted several times. At each step, the weight loss due to the high vapor pressure of Sb was compensated by addition of Sb until no evaporation was observed during the melting process. The samples were annealed in evacuated quartz tubes at 900
• C for seven days and subsequently quenched in ice water. The crystal structure was analyzed by X-ray powder diffraction (XPD) with
CuK α1 radiation at room temperature using an image-plate Huber G670 Guinier camera To investigate the thermoelectric properties at high temperature, the ingots were cut into discs and bars. The Seebeck coefficients and electrical conductivity were determined simultaneously using an LSR-3 (Linseis). The thermal conductivity κ was calculated using the relation κ = C p αρ, where C p denotes the specific heat capacity, α the thermal diffusivity, and ρ the density. The values α were measured by means of the laser flash method using the Netzsch LFA 457 instrument. The density ρ was calculated from the mass and volume of the cut bars. The heat capacities were estimated by means of the Dulong-Petit law. The uncertainties were 3% for the electrical conductivity and thermal diffusivity and 5% for the Seebeck coefficient, thereby leading to an 11% uncertainty in the ZT values. We repeated the experiments numerous times and confirmed that the peak ZT values were reproducible within 5%. Furthermore, we measured the samples while they were heated up to 700
• C and cooled, and we subsequently verified that there was no degradation in the various sample properties.
11
